Animal-derived RNA viruses frequently generate viral factories in infected cells. However, the details of how RNA viruses build such intracellular structures are poorly understood. In this study, we examined the structure and formation of the viral factories, called viral speckle of transcripts (vSPOTs), that are produced in the nuclei of host cells by Borna disease virus (BDV). Super-resolution microscopic analysis showed that BDV assembled vSPOTs as intranuclear cage-like structures with 59 -180-nm pores. The viral nucleoprotein formed the exoskeletons of vSPOTs, whereas the other viral proteins appeared to be mainly localized within these structures. In addition, stochastic optical reconstruction microscopy revealed that filamentous structures resembling viral ribonucleoprotein complexes (RNPs) appeared to protrude from the outer surfaces of the vSPOTs. We also found that vSPOTs disintegrated into RNPs concurrently with the breakdown of the nuclear envelope during mitosis. These observations demonstrated that BDV generates viral replication factories whose shape and formation are regulated, suggesting the mechanism of the integrity of RNA virus persistent infection in the nucleus. . 2 The abbreviations used are: ER, endoplasmic reticulum; RV, rabies virus; RNP, ribonucleoprotein; BDV, Borna disease virus; NNS, non-segmented negative-strand; FU, 5Ј-fluorouridine; vSPOTs, viral speckle of transcripts; SIM, structured illumination microscopy; dSTORM, direct stochastic optical reconstruction microscopy; HMGB1, high mobility group box protein 1; RBMX, X-linked RNA-binding motif protein; CLSM, confocal laser scanning microscopy.
All viruses seek locations within their host cells in which to safely replicate and assemble. The viral factories that are assembled after viral infection serve as such sites. The virus-specific intracellular compartments contain viral replication complexes and play essential roles in the viral life cycle in host cells. Animal-derived RNA viruses frequently form viral factories called viral inclusion bodies. Positive-strand RNA viruses assemble replication factories, which are often surrounded by membranes, within the host cytoplasm (1) . For example, dengue virus infection induces the formation of invaginated vesicles ϳ90 nm in diameter within the rough endoplasmic reticulum (ER) 2 that are connected to the cytoplasm via paths that have a ϳ10 nm width (2) . Furthermore, severe acute respiratory syndrome coronavirus and arteriviruses are known to form interconnected double-membraned vesicles that are connected with the ER during the early stages of infection (3, 4) .
Negative-strand RNA viruses are known to generate inclusion bodies containing viral ribonucleoprotein complexes (RNPs) in infected cells. Recently, the structural details of the viral replication factories of some negative-strand RNA viruses have been determined through electron microscopic (EM) analysis. Respiratory syncytial virus infection induces the formation of non-membrane-bound inclusion bodies within the cytoplasm, which contain amorphous materials (5) . The inclusion bodies of vesicular stomatitis virus are produced in the cytoplasm and do not appear to be associated with specific organelles, such as the ER or mitochondria (6, 7) . Rabies virus (RV) forms cytoplasmic spherical inclusion bodies containing a cavity during the early stages of infection and membranous inclusion bodies during later stages (8) . These observations demonstrate that although many animal RNA viruses form specific types of viral factories or inclusion bodies, mainly in the cytoplasm, their structural and spatial features are highly polymorphic. The viral factories play important roles in the viral life cycle. However, the mechanisms by which these viral factories are produced in infected host cells and the roles of viral components in their construction during viral replication are poorly understood.
Borna disease virus (BDV) is a non-segmented negativestrand (NNS) RNA virus that belongs to the family Bornaviridae of the order Mononegavirales (9, 10) . Although almost all eukaryotic RNA viruses replicate in the cytoplasm of infected cells, BDV uniquely conducts replication in the nuclei of infected cells (11) . In addition, BDV noncytolytically establishes a persistent infection. Therefore, this virus is believed to be the only animal RNA virus that can establish a parasitic infection within the nucleus. BDV infection is known to be associated with the production of inclusion bodies, called Joest-Degen bodies, in the nuclei of the brain cells of infected horses (12) . Our recent study has revealed that BDV generates nuclear bodies similar to Joest-Degen bodies in the nuclei of cultured cells. These bodies, called viral speckle of transcripts (vSPOTs), are membrane-free structures that are associated with the host chromatin and appear to be an assemblage of viral RNPs (13) . Although vSPOTs are predicted to be essential for the BDV life cycle, it is not known how BDV stably maintains its viral factories in the nucleus or how viral RNPs are arranged within the viral factories, whether as disorderly aggregates or as regularly arranged units.
In this study, using super-resolution microscopic techniques, we examined the fine structure of the viral factories of BDV that form in the nuclei of infected cells. Our observations indicated that BDV RNPs, which consisted of genomic RNA enveloped by the viral nucleoprotein (N), assemble intranuclear cage-like spherical structures with pores of ϳ100 nm in diameter. Furthermore, we demonstrated that, concomitantly with the breakdown of the nuclear envelope during mitosis, the vSPOTs are deconstructed, and the viral RNPs rapidly relocate to condensed mitotic chromosomes. These results suggest that BDV generates intranuclear viral factories whose shape and formation are highly regulated by nuclear dynamics. The regulated dynamics of the viral factories may be critical to maintaining the unique persistent infection of BDV in the host cell nucleus.
Results
vSPOTs Are the Viral Replication Factories of BDV-Previous studies have revealed that the expression of N or phosphoprotein (P) alone is insufficient for the formation of vSPOT-like structures in the nuclei of transfected cells (14, 15) , thus indicating that vSPOTs require viral replication for their formation and contain viral RNAs. In fact, fluorescence in situ hybridization (FISH) analysis has demonstrated that vSPOTs contain genome-sense RNA (13) . Using FISH analysis with antisense riboprobes, we also observed that BDV complementary RNA (cRNA) was localized within vSPOTs ( Fig. 1A) . The 56% of vSPOTs were FISH signal positive (n ϭ 300). In addition, signals from newly synthesized RNAs were detected in vSPOTs by using the uridine analog 5Ј-fluorouridine (FU), which is incorporated into nascent RNAs (Fig. 1B) . The 49% of vSPOTs were FU signal positive (n ϭ 272). These results indicate that vSPOTs contain BDV RNPs and that the replication or transcription of BDV may occur within vSPOTs.
Confocal laser scanning microscopy (CLSM) revealed that vSPOTs contain both structural and non-structural proteins of BDV, including N, P, and X proteins (X) and matrix protein (M) (13, 16) (Fig. 1C ). The average number of vSPOTs per cell was 4.6 (S.D. 5.0), and the average diameter of vSPOTs was 0.66 m (S.D. 0.2) ( Fig. 1, D and E) . CLSM also showed that N was distributed mainly in the outer layer of the vSPOTs, whereas other viral proteins were detected within these structures (Fig. 1C , enlarged panels). However, it is not known whether these viral proteins assemble into isomorphic vSPOTs within the nucleus.
BDV Produces Cage-like Viral Factories with a Nucleoprotein Exoskeleton-Recently, new microscopic imaging techniques, called super-resolution microscopic techniques, have been developed to overcome the resolution limit of light microscopy (17) . Structured illumination microscopy (SIM), one type of super-resolution microscopy, has a spatial resolution that is twice that of conventional microscopy (18, 19) . We therefore applied SIM to the structural analysis of the vSPOTs in BDVinfected nuclei to investigate the locations of the viral proteins in the vSPOTs. SIM revealed that N formed a thin ring constituting the rim of each vSPOT (Fig. 2 , A-C). Furthermore, the N-containing ring appeared to have small gaps with widths of ϳ100 nm (Fig. 2B, arrowheads) , which were not detected with conventional CLSM (Fig. 1C ). In contrast, P associated with the rims of the vSPOTs formed by N ( Fig. 2B , arrows) as well as formed a web-like structure within the vSPOTs (Fig. 2 , A-C). The structures formed by N and P were reproducibly observed in most of the vSPOTs ( Fig. 2B ) and in the independently immunostained cells (Fig. 2C ). X was randomly distributed within vSPOTs ( Fig. 2 , D-G). M was also found within vSPOTs but had a very sparse distribution (Fig. 2 , H and I).
vSPOTs were observed in the form of variably sized structures in infected nuclei ( Fig. 1E ). SIM analysis clearly demonstrated that the viral materials were similarly distributed in the structures regardless of their size, with N forming the outer layer of the structures and the other viral proteins being localized within the N-containing shells (Fig. 2) . These observations suggest that vSPOTs are isomorphic structures whose size might change depending on viral replication and/or the conditions of the intranuclear environment.
We next used SIM to obtain Z-stack images compiled from nine 0.125-m thick optical sections showing the distribution of antibodies specific for each viral protein. Consistently with the above described results, N was mainly localized to the shells of the vSPOTs, which had small gaps ( Fig. 3, A, B , and D). Notably, the sections near the tops and bottoms of the structures showed that N is woven into a mesh-like pattern. The mesh-like structure was also confirmed by another kind of super-resolution microscopy (see below). The diameters of the pores within this lattice were ϳ110 -120 nm. This finding is consistent with the observation that the ring formed by N contained small gaps of apparently 100 nm in diameter ( Fig. 2B ) and suggests that BDV N formed a cage-like exoskeleton surrounding each vSPOT in the nucleus. The Z-stack image also revealed that the web-like P-containing structure was distributed throughout the vSPOT interior and connected with the N-containing outer ring (Fig. 3A ). X and M were also found within the vSPOTs, but they were more randomly distributed than P ( Fig. 3, B-D) . Together, these observations demonstrated that vSPOTs are assembled intranuclear porous structures formed by N.
The Outer Layers of vSPOTs Contain Viral RNPs-The results described above indicated that N forms the outer shells of vSPOTs. Whether the N in the outer shell exists in the form of RNPs was still unclear. To investigate this issue, we used direct stochastic optical reconstruction microscopy (dSTORM), a super-resolution microscopic technique that enables visual- ization of biological samples at a resolution of tens of nanometers (20, 21) . Using dSTORM imaging, we reconstructed higher resolution images demonstrating the locations of N and P in vSPOTs. As shown in Fig. 4A , N was mainly localized on the edges of vSPOTs, as was observed with SIM. The same images reconstructed with a 120-nm resolution were very similar in appearance to the images obtained by SIM (data not shown). As observed with SIM, the mesh-like structure and gaps in the structure formed by N were also observed with dSTORM ( Fig.  4, A and B) . The sizes of gaps (59 -180 nm) were large enough compared with the resolution limit of dSTORM (here we conservatively used 30-nm Gaussian spots for reconstruction), showing that N forms the porous cage-like structure. Notably, dSTORM of N revealed that the outer layers of vSPOTs seemed to be composed of filamentous structures. Many rosary-like thin filaments were observed protruding from the outer frames of the vSPOTs (Fig. 4A, panels 1 and 2) . In contrast, P appeared to form a net-like structure composed of thin fibers within the vSPOTs, as observed with SIM ( Fig. 4C, panels 1 and 2) . BDV RNPs Disperse from vSPOTs during Mitosis-As shown in Fig. 5, A and B , viral components are relocated to condensed chromosomes concurrently with the disruption of the nuclear envelope at prometaphase. To understand whether viral RNPs relocated to the condensed chromosomes in the form of vSPOT-like structures, we investigated the distribution of viral proteins on metaphase chromosomes. As shown in Fig. 5 , C-F, SIM revealed that N existed as filamentous structures, not ring-like structures, in association with metaphase chromosomes. Furthermore, intense N and P signals stayed very closely on mitotic chromosomes (Fig.  5D, arrows) , whereas X seldom colocalized with N ( Fig. 5F, arrowheads) . Given that N and P signals partially overlapped only at the rims of the vSPOTs in non-mitotic cells (Fig. 2) , these observations DECEMBER 9, 2016 • VOLUME 291 • NUMBER 50 JOURNAL OF BIOLOGICAL CHEMISTRY 25793 indicated that BDV RNPs rapidly dispersed from vSPOT structures and were redistributed on condensed chromosomes simultaneously with nuclear envelope breakdown.
BDV Assembles Cage-like Viral Factories in the Nucleus

Discussion
Recently, structural analyses of the inclusion bodies of some NNS viruses have been conducted by using CLSM and EM techniques. However, the precise distribution, as well as the interaction of each viral protein in these structures, has not been demonstrated. This lack of information is due in large part to the limitations of conventional methods, such as the resolution of microscopy and the difficulties of immunostaining. Isolating viral factories from infected cells while preserving their structures is also difficult because they are unstable. Thus, super-resolution microscopy might be a good method for investigating the construction of viral factories in infected cells in detail.
Our previous study (13) using CLSM and immuno-EM analyses has shown that BDV N is localized to the edges of vSPOTs in infected cells. In this study, we demonstrated the distribution of not only N but also P, X, and M within vSPOT in more detail. Our observations revealed that N assembled into the cage-like structures comprising the outer layers of vSPOTs and that P and X formed random web-like structures within vSPOTs. Recently, the morphogenesis of RV cytoplasmic inclusion bodies has been investigated by using CLSM and EM (8) , and RV inclusion bodies were found to be spherical structures composed mainly of viral N and P proteins. Intriguingly, the N protein of RV was also localized to the rims of inclusion bodies and formed an apparently shell-like structure. Furthermore, Nanbo et al. (22) have shown that the NP protein of Ebola virus localizes to the rim of the cytoplasmic viral inclusion bodies. These observations suggest that the nucleoproteins of NNS viruses play a fundamental role in forming the exoskeleton of their inclusion bodies in infected cells.
In previous studies, newly synthesized RNAs of NNS viruses have been detected within cages composed of N protein (8, 22) . Given that inclusion bodies have been identified as the replication sites of NNS viruses, an exoskeleton consisting of N might play a role in protecting nascent viral RNAs against degradation and/or the host-sensing of these RNAs. Indeed, RNase A treatment of RV-infected cells does not eliminate the signals from the viral RNAs within inclusion bodies (8) , thus indicating that the NNS viral RNAs that accumulate in inclusion bodies are protected from the host environment by the cages formed by N protein.
In this study, we observed that ϳ100-nm diameter pores in the N-containing cages of the vSPOTs through SIM. Note that the pore sizes are likely to be smaller because P seems to penetrate the pores observed by N. Importantly, the signal-to-noise ratio of our SIM images were high enough, enabling to distinguish the structure from the noise pattern derived from deconvolution. Moreover, the structure was observed with two different super-resolution imaging methods strongly suggested that the structure is not an artifact of a specific microscopy. It was possible that the porous structure was due to insufficient antibody staining that often resulted in punctuated appearance in super-resolution microscopy of, for example, microtubules (23) . 3 However, our observation was hard to be explained by such a technical reason because the thickness of the cage formed by N was ϳ250 nm (measured from the images with dSTORM), which should contain enough number of antigens unlikely to exclude a 100-nm region. The same results with two super-resolution microscopies further supports our conclusion that the cage structure had a mesh-like shell. Such mesh-like shells might play an important role in the shuttling of viral and host factors in and out of vSPOTs. Indeed, BDV P was shown to shuttle in and out of vSPOTs, whereas N was immobilized within them (13, 24) . Furthermore, we demonstrated that certain host factors, which advantageously play a role in viral replication, such as high mobility group box protein 1 (HMGB1), can enter vSPOTs, thus indicating that the pores might allow the selective permeability of these viral factories. Our previous studies have shown that HMGB1 directly interacts with P in infected cells. Interestingly, HMGB1 does not colocalize with the vSPOTs of cells infected with a recombinant BDV with a mutated P, which fails to bind to HMGB1 yet displays unimpaired polymerase-cofactor activity (13) . These observations suggest that interaction with P might facilitate entry into vSPOTs through their pores. Further studies are required to understand the roles of the pores in the selective permeability of vSPOTs by host factors and in viral replication.
EM analysis has shown that the rims of the vSPOTs contain RNP-like helical structures (13) . Using dSTORM, we also found that anti-N antibodies labeled filamentous structures located at the surfaces of vSPOTs. Given that vSPOTs are the replication sites of BDV, the helical structures observed near their surface by dSTORM may be BDV RNPs, thus suggesting that the RNPs in the vSPOTs might have at least two different functions: a barrier function in the form of the cage surrounding each vSPOT and a template function in viral replication. P, which is an L polymerase cofactor and is necessary to initiate viral transcription and replication, was detected mainly within the vSPOTs, thus suggesting that the RNPs on the interior surface of the cage might contribute to transcribing nascent viral RNAs near that location. The detection of X, a negative regulator of BDV polymerase (25, 26) , only within vSPOTs may support this hypothesis. However, whether the RNPs on the outer surface of the cage participate in viral replication in addition to functioning as a frame is unknown. Because N interacts with the host chromatin, it is possible that the RNPs on the outer surface of cages anchor vSPOTs within the nucleus by interacting with the chromosomes. Although our super-resolution microscopic analyses suggested the existence of RNPs on the outer surface of vSPOTs, our technics did not show the interaction between the host chromatin and RNPs on the surface of vSPOTs. Further analyses may reveal the precise functions of viral RNPs in different vSPOT regions.
Here, we also demonstrated that vSPOTs are rapidly deconstructed during prometaphase and that BDV RNPs relocate to the condensed chromosomes. These observations suggest that vSPOT formation is controlled by host factor(s) whose expression or association with BDV RNPs may change concurrently with the disruption of the nuclear envelope at prometaphase. Recently, we have reported that X-linked RNA-binding motif protein (RBMX), a nuclear factor that participates in maintaining the proper cohesion of sister chromatids, is involved in the formation of vSPOTs in the nucleus (27) . Interestingly, we found that knocking down RBMX expression by using siRNA disrupted vSPOT formation and the diffusion of RNP components onto heterochromatin, even in interphase nuclei. RBMX is known to associate with chromatin in interphase cells (28) , thus suggesting that proper chromatin structure is necessary for vSPOT formation. The formation of the porous cage-like structure of vSPOTs by RNPs may conceivably be related to the chromosomal dynamics of infected cells. However, the mechanism by which vSPOTs are rapidly deconstructed coordinately with the disruption of the nuclear envelope is still unknown. Identification of the host factor that controls the deconstruction of vSPOTs would be a breakthrough to reveal a molecular mechanism of this event.
In this study, we showed that BDV RNP assembles a virusspecific porous cage-like viral factory. Structural analyses of the inclusion bodies formed by other animal RNA viruses will facilitate the elucidation of the common mechanism through which these viruses efficiently replicate in their specific host environments.
